INTRODUCTION
============

It is well proven that life expectancy all over the world is rapidly growing with the majority of babies born since the beginning of the 21st century expected to reach the age of 100 years[@B1]. Due to this demographic phenomenon the health and wellbeing of older people become increasingly important[@B2]. As women are known to have longer average life expectancies, it appears that problems of post-menopausal period will attract more close attention of health-care professionals. Amongst these problems skin aging becomes a prominent global challenge[@B3][@B4].

Natural skin aging process results in the loss of elasticity, dryness, fine wrinkling, atrophy and laxity[@B5], and two major mechanisms contributing to the development of these changes are: (a) true biological (intrinsic) aging and (b) environment-dependent extrinsic aging caused by exposures to sunlight-related ultraviolet radiation (often referred to as photoaging), smoking and air pollution[@B5][@B6][@B7]. Skin aging in women starts after the age of 30 years[@B8] and is further accelerated in the menopause, apparently due to decreasing levels of estrogens[@B9][@B10]. Age-related skin changes cause not only visible signs of aging, but also structural and functional impairments that may negatively affect quality of life. For this reason skin aging prevention and aged skin rejuvenation are becoming areas of active research[@B5]. Such treatments as hormone replacement therapy[@B9][@B10] and local application of retinoids[@B5] were shown to be efficient, and it is becoming clear that a number of dietary ingredients can prevent or even reverse age-related skin changes[@B11][@B12].

Although it is important to understand physiological mechanisms of these beneficial effects, the use of invasive methods of skin sampling is hardly possible, especially for facial skin investigation. It should also be taken into account that the skin is a multilayered structure, the epidermis being its superficial layer, and the outermost component of the epidermis, the stratum corneum (SC), exerts most of the key barrier functions affected by aging[@B13][@B14]. The SC is known to be covered with a thin layer of semi-liquid substance presenting a mixture of lipid-rich sebum secreted by the sebaceous glands, lipids produced by the epidermal cells, desquamated corneocytes and sweat[@B15]. This substance generally corresponds to the "acid mantle", which is believed to be one of the key factors in supporting skin barrier homeostasis, SC integrity and its antimicrobial defence[@B16][@B17]. Given obviously complex composition of this material, it may; however, be more correct to use the term residual skin surface components (RSSC) as suggested by Shetage et al.[@B15].

We have recently devised a simple method for non-invasively collecting samples of the RSSC and characterized morphological features of this material collected in a pilot study involving male volunteers of different age[@B18]. The successful use of the new collection method encouraged us to extend its use to testing female volunteers as well. The present paper describes this work and compares its results to our earlier observations made in male subjects.

MATERIALS AND METHODS
=====================

Study protocol
--------------

This study continued a pilot project conducted jointly by Lycotec Ltd. (Cambridge, UK) and the Institute of Cardiology of the Ministry of Health of the Russian Federation (Saratov, Russian Federation). The enrolment of study participants was carried out in Saratov, from the existing pool of healthy volunteers. Study protocol was approved by the local Ethics Committee (FGBU SarNIIK 18.02.2014) guaranteeing that the study conformed to the European Medicines Agency Guidelines for Good Clinical Practice. Written informed informed consent was provided by all volunteers who agreed to participate in the study. All samples collected by study participants were analyzed in the laboratory of Lycotec Ltd. in Cambridge, UK.

Inclusion and exclusion criteria
--------------------------------

The following inclusion criteria were applied to all individuals volunteering to take part in the present study:

Only healthy adult Caucasian females were considered for recruitment. The study included two distinct age groups: Group Y (young adult women, 18∼25 years of age; mean=21.6; standard deviation \[SD\]=2.4) and Group O (older \[postmenopausal\] women, 50∼73 years of age; mean=62.4; SD=6.7). Only volunteers who did not have systemic chronic diseases and disorders involving skin (e.g., psoriasis, pronounced acne, allergic skin conditions etc.) were enrolled in the study. Volunteers receiving on-going medication potentially affecting skin (e.g., hormonal treatments or hormone replacement therapy) were not included in the study. Only postmenopausal women were recruited in the Group O. The total number of recruited volunteers was 53 (22 women in the Group Y and 31 women in the Group O).

Sample collection and preparation
---------------------------------

All participants of the study were requested to avoid facial hygienic manipulations for 24 hours before material collection, which was carried out in the morning. Volunteers of the younger age group (Group Y) were instructed to collect samples in the middle of the menstrual cycle (day 13∼15).

Sample collection and preparation was performed according to the procedures described in our previous paper[@B18]. Briefly, samples of the RSSC were collected using polyester swabs from the surface of the facial skin (the sides of the nose). During the procedure two samples were taken (one swab per side). Following collection each sample was placed on the surface of a microscope slide. A second microscope slide was pressed against the surface of the first one, thus providing a pair of identical smears. No fixation was applied to the smears. All slides with collected samples (i.e., four slides per study participant) were coded to provide sample anonymity for blinded analysis. Once material collections were completed, all samples were sent to the laboratory of Lycotec Ltd. for further processing and eventual microscopic examination.

Sample analysis
---------------

Once in the laboratory, one slide of the first pair was stained with H&E in order to identify any cells or cell remnants that could be present. The second slide was stained with Oil Red O (lipid stain, ab150678; Abcam, Cambridge, UK) for lipid visualization and lipid droplet size evaluation. One slide from the other pair was stained with crystal violet solution (gram staining) to assess the level of microorganism presence, while the remaining slide was kept unstained for possible future use.

All stained smears were subjected to microscopic examination by an experienced cytopathologist. Microscopy was performed using Olympus BX41 laboratory microscope (Olympus, Tokyo, Japan) at ×1,000 magnification. The analysis included examining 40 fields of view within one smear. Dark field microscopy was applied for lipid crystal visualization. Photomicrographs were prepared using Olympus DP71 camera.

Typical structural elements of the RSSC comprising lipid droplets, characteristic crystals, desquamated corneocytes and bacterial presence were analysed as previously described[@B18]. Measured parameters comprised lipid droplet size, numbers of desquamated corneocytes and lipid crystals and bacterial presence estimates (using Bacterial Presence Assessment Scale as described before[@B18]).

The indicated micro objects/structures were quantified using Cell^B^ imaging software (Digital Imaging Solutions; Olympus).

All microscopic examinations were performed blindly.

Data analysis
-------------

Results of all quantitative measurements (or counting) obtained during microscopy of the smears (lipid droplet size, numbers of desquamated corneocytes and lipid crystals, bacterial presence degree) were compared between the Groups Y and O using descriptive statistics. Mean, SD, median, and range values as well as 95% confidence intervals were determined. T-test (two-sided *p*-values calculated) was applied to determine statistical significance of the differences between the groups. Scatter diagrams were employed for presenting individual results for all measurements. Bar charts were used for presenting comparisons of group means. In addition, the outcome of this study was compared to the results of our previous study that produced similar parameters for male volunteers of comparable age groups[@B18]. All data handling and statistical analyses were carried out using IBM SPSS ver. 19.0 statistical package (IBM Co., Armonk, NY, USA).

RESULTS
=======

We have provided a general outline of RSSC morphology in our previous paper focused on male subjects [@B18], and examination of samples collected from female volunteers has not revealed any qualitative differences deserving special attention. Briefly, lipid droplets of varying size detectable by Oil Red staining were usually abundant in these samples. Desquamated corneocytes (single or clusters) were commonly found as well. Similarly to our findings in males[@B18], we could observe undissolvable crystals (likely to be lipid-derived) in most, but not all samples. Likewise, microorganism presence was evident in all samples. Quantitative analysis of these structures allowed detecting a number of age- and sex-dependent features that are considered in more detail below.

Lipid droplet size
------------------

[Fig. 1](#F1){ref-type="fig"} presents results of lipid droplet size measurements in the two groups of female volunteers. Individual result distributions within the groups ([Fig. 1A](#F1){ref-type="fig"}) demonstrate that lipid droplets tended to be larger in younger women (Group Y). Comparison of mean lipid droplet size values ([Fig. 1B](#F1){ref-type="fig"}) has confirmed this trend demonstrating a highly significant difference between the age groups (*p*=0.0006). [Fig. 1](#F1){ref-type="fig"} also provides a comparison of mean lipid droplet size values in women with our findings in men published earlier[@B18]. It is interesting to note that, whereas the same age-related trend was present in the both genders, lipid droplets in female subjects tended to be larger than in men ([Table 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}).

Corneocyte desquamation
-----------------------

Microscopic assessment of corneocyte desquamation showed that it levels in most samples obtained from postmenopausal women (Group O) were visibly higher than in the younger group (Group Y). This difference is demonstrated by [Fig. 2](#F2){ref-type="fig"} that shows smears obtained from a young volunteer ([Fig. 2A](#F2){ref-type="fig"}) and an older woman ([Fig. 2B](#F2){ref-type="fig"}). Quantification of desquamated corneocyte numbers convincingly confirmed this initial impression. [Fig. 3](#F3){ref-type="fig"} demonstrates quantitative results of this part of the study. Although inter-individual variation was relatively high among postmenopausal women (Group O), result distribution in this group was clearly shifted upwards compared to the Group Y ([Fig. 3A](#F3){ref-type="fig"}). Comparison of the mean numbers of desquamated corneocytes ([Fig. 3B](#F3){ref-type="fig"}) has indicated that the mean level of desquamation in postmenopausal women was by 66% higher than in the younger group. T-test has revealed a highly significant difference between the age groups (*p*=0.0007). Again, the general pattern of age-dependent differences was similar in female and previously investigated male volunteers[@B18], but absolute desquamation levels tended to be considerably higher in men ([Table 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}). Nevertheless, the difference between older and younger men[@B18] appeared to be less pronounced than between older and younger women ([Fig. 3B](#F3){ref-type="fig"}).

Lipid crystal numbers
---------------------

As in our previous study in male volunteers[@B18], crystal structures could be identified in RSSC samples from the majority of female volunteers. [Fig. 4A](#F4){ref-type="fig"} shows that crystals could not be found in 4 subjects of the Group Y and 7 subjects of the Group O. While amongst younger women there was a wide variation of lipid crystal numbers, only one subject of the Group O had more than 11 crystals found ([Fig. 4A](#F4){ref-type="fig"}). Mean lipid crystal number was higher in the Group Y ([Fig. 4B](#F4){ref-type="fig"}), but the difference between the groups was only marginally significant (*p*=0.0401) because of high inter-individual variability. Age-related pattern of lipid crystal presence was, again, similar between males and females, but absolute values tended to be higher in female volunteers ([Fig. 4B](#F4){ref-type="fig"}, [Table 1](#T1){ref-type="table"}, [2](#T2){ref-type="table"}).

Microbial presence in the residual skin surface components
----------------------------------------------------------

The outcome of semi-quantitative analysis of the microbial presence in RSSC samples from female volunteers is presented in [Fig. 5](#F5){ref-type="fig"}. It is obvious that both result distributions and mean values of microorganism presence degree were remarkably similar in the two age groups. However, comparison of these results with the outcome of our previous study in male volunteers[@B18] has shown that estimated microorganism presence was at the same level in young men, but significantly higher in older men ([Fig. 5B](#F5){ref-type="fig"}, [Table 2](#T2){ref-type="table"}).

Comparison of residual skin surface components characteristics in female and male volunteers
--------------------------------------------------------------------------------------------

Although results obtained in male volunteers were reported in our previous publication[@B18], the sample collection technique used in the present study was identical compared with the previous one. Given that age characteristics of the two compared groups were also similar to those investigated in males, it was logical to compare gender-related differences in the outcomes of the two studies. [Table 1](#T1){ref-type="table"} and [2](#T2){ref-type="table"} compare results obtained in younger and older subjects respectively.

[Table 1](#T1){ref-type="table"} demonstrates that lipid droplet size in young women was significantly (*p*=0.0001) higher than in young men. In contrast, young men had a much higher level of corneocyte desquamation (*p*=0.0002) compared to young women. Lipid crystal count appeared to be higher in young women, but the difference was marginally insignificant. At the same time microbial presence level in young subjects was not gender-dependent.

Comparison of female and male subjects of older age ([Table 2](#T2){ref-type="table"}) revealed a generally similar pattern for lipid droplet size (significantly higher in women) and corneocyte desquamation (significantly higher in men). However, lipid crystal count was significantly higher (*p*=0.0448) in older female volunteers, whereas microbial presence was significantly higher (*p*=0.0033) in older men.

DISCUSSION
==========

The results described in this paper complement our previous study performed in male volunteers[@B18] and further confirm that material collected non-invasively by swabbing the surface of human facial skin may be successfully used for investigating morphological characteristics of the RSSC. It is also important to note that the outcome of this study further demonstrates obvious parallelism of age-related changes in RSSC components in male and female subjects.

Our previous study[@B18] has demonstrated that the RSSC is a substance very rich in lipids (most probably originating from the sebum) that often contains crystals formerly described only in extracts from acne comedones[@B19]. This lipid film overlaying the SC apparently contributes to protective functions of the skin barrier, such as water retention and resistance to oxidation[@B20][@B21].The observed age-dependent differences in lipid droplet size and lipid crystal numbers described in our previous paper[@B18] and corroborated by the present study appear to indicate either changes in physicochemical properties of skin surface lipids or more active lipid production by the sebaceous glands of young individuals, both women and men. These findings confirm reports of other authors on more pronounced lipid presence on the surface of the epidermis of younger people[@B22][@B23][@B24]. This abundance is inevitably followed by an age-dependent decline described for individuals of the both genders[@B22][@B23][@B24]. It is, however, likely that mechanisms of this phenomenon are sex-dependent are. In young women high estrogen level presents a major anti-ageing factor[@B9][@B25] that disappears in the postmenopausal period unless hormone replacement therapy is applied[@B26]. Indeed, skin is a hormone-sensitive organ. The presence of estrogen receptors in the human skin, in particular keratinocytes and sebocytes, is a well proven fact[@B9][@B25][@B27], and experimental studies showed that age-related decrease in the amount of estrogen receptor β is likely to be one of the key factors in photoaging[@B28]. Likewise, in male individuals androgens are known to stimulate sebum production[@B29], and facial skin has the highest level of androgen receptors[@B30].

Desquamated keratinocytes that are permanently released from the surface of the SC constitute another informative component of the RSSC. Results of this study alongside with our previous observations[@B18] clearly indicate that desquamation levels increase with age in individuals of both genders. Our findings indirectly confirm earlier results of Chu and Kollias[@B31] who concluded that the adherence of corneocytes to the SC weakens with age resulting in desquamation facilitation. However, significantly higher desquamation levels observed in men suggest that sex-specific hormonal influences are likely to affect this physiological phenomenon as well. One of possible mechanisms limiting corneocyte desquamation in women may be related to the intracrine production of estrogens in keratinocytes[@B27][@B32], which is known to decline with age[@B33], but may be at least partially preserved in postmenopausal women.

The determination of microbial presence in the RSSC undertaken in this study has not revealed any age-associated differences in women of different age groups. In contrast, our previous work indicated that older men had significantly higher microbial presence on the surface of their facial skin. We earlier suggested that it might happen in older people due to age-related impairment of the immune system[@B34], but the absence of this phenomenon in older female volunteers suggests that this explanation may not be entirely applicable to this group, and other factors, especially sex-specific hormonal influences, are likely to influence this component of skin homeostasis as well.

Although some of our findings do not seem to entirely agree with earlier observations of Luebberding et al.[@B35] who described essentially dissimilar ageing-dependent changes in SC hydration and sebum production in men and women, it should be noted that different analytical methods and measurable parameters applied in the two studies could be behind these discrepancies.

It can be concluded that this study has confirmed our previous findings[@B18] that indicated that morphological investigation of RSSC samples presents a useful tool for studying age-related changes of human skin. Age-specific alteration patterns revealed in female volunteers were in general similar to those formerly observed in men; however quantitative levels of lipid-related features and corneocyte exfoliation significantly differed between females and males, most probably suggesting strong hormonal influences modulating skin ageing in individuals of different genders.

The results of this study highlight gender-dependence of distinct elements of age-associated decline in the efficiency of the epidermal barrier. We believe that our findings can be employed for developing new efficient approaches to skin ageing prevention.
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![Lipid droplet size measurement results in the two study groups. Group Y: young adult women, 18∼25 years of age, Group O: older (postmenopausal) women, 50∼73 years of age. (A) Scatter diagram showing individual result distribution. (B) Bar chart demonstrating group means and their comparison using t-test. Additional bars outlined by dotted lines show results for relevant male groups obtained in our previous study[@B18]. Error bars present 95% confidence intervals. YM: young adult men, OM: older men.](ad-29-454-g001){#F1}

![Desquamated corneocytes observed in Group Y (young adult women, 18∼25 years of age) (A) and Group O (older \[postmenopausal\] women, 50∼73 years of age) (B) volunteers (H&E).](ad-29-454-g002){#F2}

![Desquamated corneocyte counts in the two study groups. Group Y: young adult women, 18∼25 years of age, Group O: older (postmenopausal) women, 50∼73 years of age. (A) Scatter diagram showing individual result distribution. (B) Bar chart demonstrating group means and their comparison using t-test. Additional bars outlined by dotted lines show results for relevant male groups obtained in our previous study[@B18]. Error bars present 95% confidence intervals. YM: young adult men, OM: older men.](ad-29-454-g003){#F3}

![Lipid crystal counts in the two study groups. Group Y: young adult women, 18∼25 years of age, Group O: older (postmenopausal) women, 50∼73 years of age. (A) Scatter diagram showing individual result distribution. (B) Bar chart demonstrating group means and their comparison using t-test. Additional bars outlined by dotted lines show results for relevant male groups obtained in our previous study[@B18]. Error bars present 95% confidence intervals. YM: young adult men, OM: older men.](ad-29-454-g004){#F4}

![Microbial presence estimates (according to BPAS) in the two study groups. Group Y: young adult women, 18∼25 years of age, Group O: older (postmenopausal) women, 50∼73 years of age. (A) Scatter diagram showing individual result distribution. (B) Bar chart showing group means and their comparison using t-test. Additional bars outlined by dotted lines show results for relevant male groups obtained in our previous study[@B18]. Error bars present 95% confidence intervals. YM: young adult men, OM: older men.](ad-29-454-g005){#F5}

###### Comparison of morphological parameters of residual skin surface components in young female and male volunteers

![](ad-29-454-i001)

  Variable                        Female (n=22)   Male (n=34)    t-test    *p*-value
  ------------------------------- --------------- -------------- --------- -----------
  Lipid droplet size (µm)         5.14±1.16       3.96±0.97      4.0967    0.0001
  Desquamated corneocyte (n)      71.59±21.51     138.79±77.97   −3.9354   0.0002
  Lipid crystal count (n)         7.59±6.45       5.03±5.13      1.6491    0.1049
  Microbial presence (BPAS) (°)   1.87±0.52       1.94±0.52      −0.4951   0.6226

Values are presented as mean±standard deviation.

###### Comparison of morphological parameters of residual skin surface components in older female and male volunteers

![](ad-29-454-i002)

  Variable                          Female (n=31)   Male (n=26)    t-test    *p*-value
  --------------------------------- --------------- -------------- --------- -----------
  Lipid droplet size (µm)           3.92±1.20       3.24±0.92      2.3098    0.0247
  Desquamated corneocyte (n)        119.03±58.43    179.15±86.83   −3.1085   0.0030
  Lipid crystal count (n)           4.48±4.30       2.46±2.83      2.0536    0.0448
  Microbial presence (BPAS) (^o^)   1.98±0.43       2.54±0.90      −3.0765   0.0033

Values are presented as mean±standard deviation.
